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EXECUTIVE SUMMARY

This report presentthe results from aesearch project tevaluate the hybrid use éf-frame
micropiles andmechanically stabilized ear(tMSE) in the form ofgeosynthetiaeinforcedsoil
(GRS to supportoadways withmpact road barriers on mountainous roadsvell agts potential
to increase the locatability of a seep slope fothe extra wall loading imoad widening and
constructionprojects. The designinvolves the installation o& pair of vertical and inclined
micropilesin theform of a structural Aframethrough the badil of a highwayGRSwall into the
foundationbase withchoserembedment Pile cag and grade beasrare then placed on the pile
top upon which road barriers are connectéddo e v al u at eange bf @ppldabistyang n 6 s
potential, extensive numericaimulationsof MSE walls were conducted 8D elastplastic
modeling usingthe finite element codd.S-DYNA for largedeformation dynamic analysis.
Adopting aconstitutive soil modethat has been well usehd calibratedn past NCHRPand
CDOT projectsa versatile computer simulation framework is developedndelingthe hybrid
soil-pile-geotextilebarrierinteraction problem.Collaborated by an experimental scaled model
studythat demonstratetthe applicability of themodelingplatform, the performace of the hybrid
design under seliveight, surcharge araiynamicimpactwas investigateth detailand compared
with that of a truncate@RSwall with regular constructianThe accompanyingption of using
the A-frame micropile as an integrated solutitmthe relatedocal slopefoundation stability
problem that can be triggered by the wall construatiasexplored andjuantifiedby theadopted
3D finite elemat approach viahe thresholdeffectivestrain conceptwhoseapplicability was
demonstrate@dgainst ordinary limiequilibrium slope stability methodm relevant 2D settings
While there remainsengineeringdetailsto be explored and monealistic representatin of
material components be ncorporatedthe study has shown that the hybmdropile-GRSdesign
offersappealingootentiak as a new or remedial engineering opiimooping with difficulthillside

or geep terrairconditionsfor road expansion or new constructions.
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1 INTRODUCTION

Forroad constructios in mountainous areas witindulatingterrain, complex geologicak#ing

and steep slopegjeep cutsand fills are often necessario provide an acceptable subgrade for
efficient traffic flows. Because of the continuous increase in population and interstate commerce
nowadaysmary highwaysare or will be imeedof added lanesn theside of existing roads. The
topography of the mountainous areas is generally characterized by river valley on one side and
cliff or steep slope on the other side, with insufficient room for conveaitioonstruction and
heavy equipment. In the Rocky Mountain region, the increasing frequency of having to deal with
marginalslope stability problembas further aggravatdatie challenge irroad construction In

such geotechnical settingbe earthworkequired plus the eventual extra load from the built wall

on the slopavill incurnot only high cost andsk due to difficult constructiabut also thaelanger

of triggering instability in the form of land or rock slidds. retaining wall designs faoadvays
concrete cantilever retaining wall, counterfort retaining,veachored retaining waéind soil nail

walls are conventional option8ecause of theeconomical constructiorendwide choice ofoil
reinforcementdrom gedextiles, geogridso metal reinforcementsnechanicallystabilizedearth
(MSE)wallshavebeen usedidely by many DOTS, including CDOTgr bridge abutmentsoads

and retaining walls.While they have beeamployedin mountainous road constructias well
normalwall configurationswill usuallyrequiresignificantexcavation into thexasting slopeto

createa bench to support the structure and traffic lodéts.slopes that are margirglstale, the
necessargarthworkand the eventual heavy wall loadiwgl increase the risk ofhallowor local

slope instability andthus the feasibility of the projectFrom the viewpoint ofninimizing the
amount ofexcavation, a truncated MSE we#signwith a vertical front facea narrowed base and

a sloping excavaibn that mates with the natural slope as appealingonfiguration With the
requirement b the wall system to provide the necessary foundatigport forimpact barriers

with minimum damagehowever,the wall design must act not only to support thweface
pavementtraffic loadsas well as its seliveight,but also provide the anchorage resistance to road
barriers and guandhils under vehicular impacts as required&SH. To counter these multiple

but not uncommorsite and load conditionsin trarsportation developmentsew desigs and
remedialoptiors that canbe used t@olvethe problem areelevant tomost DOTs. A novel idea

is to install micropiles inatruncatedMSE (geosynthetic reinforaksoil (GRS) being an example)

to add another support element that provides resistance to the impact load and to the foundation
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stability. Because of theuncatedgeometry of théVISE, thereinforcementn the MSEwill have
limited layout freedom Due to the narrow base widtthe asepressuretthe narrowed bottom
of the MSE may become higheias a resulttherebyreducingthe margin of safety against
foundationbearing failure To enhancehe safetyof roadsnext to a cliff the incorporation of
micropilesin a truncatedMISE wall design can be an alternativettee use oimoment slabso

handle vehicular impaethile serving asa reinforcemenfor the slope andoundationregion

These possibilities & to CD OT dnterest ina hybrid Mcropile-A-FrameGeosynthetic
Reinforced Sib (GRS) wall design The essence of the idea is to make usa phir ofvertical
and inclinedmicropiles in the form ofan A-frame and install thenthroughthe geosynthetic
reinforcedsoil backfill of the wall into the sloping foundatiowith a chosenpenetration depth
Structurally, he A-frame configuration of the micropilés apt tohelpredue the bending action
on both piles under lateral impdotads. The possibility that the micropilesill add resistance to
support the structure loads amttreasethe local slope stabilityis also one of thedesig s
motivations By connectinghetop of the micropile Aframesto a grade beanmto which impact
barriers can be anchorethe hybriddesignmay result not only in an overall increasein the
integrity of the truncatedMSE wall but alsostrongerb a r r anehoréagsfor roadwaysin
mountainougonstruction While MSE and micropiles have beetudied anémgdoyedin many
transportatiorprojectswith designguidelines ([1] - [12]), their integratedusehas not seen much
in-depthresearch or study The closest demonstratiofthe potentiabf hybrid wall designss
the work ofPiersonet al.[20-22] but it differs in thatcastin-place shaftsvereinstalled througta
MSE, not micropiles Berg and Volovd23] investigated pile driving into MStalls and showed
that the MSEshaft system was sound and function&limed atexploiing thefundamentamerit
of theproposed system,detailedevaluation of the approach is the goal @& dtudy
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Figure 1.1: Road construction in steep Figure 1.2: Micropile installation
slope equipment

Figure 1.3: A finished roadway in mountainous areas

2 OBJECTIVES

The objective of thestudyisto conduct a mechanistiz@uaton of theperformanceof the
ideaof a hybrid micropile A-frame GRSfoundation desigmith the specific choicef geotextile
asthe backfillreinforcemento supportType 7 or 1Q0Jerseybarriess for TL-4 impactloadng. A
soundunderstanding of the underlying mettbmponeninteraction andhe resultindoad-transfer
characteristicof the integrated wall systems prudentfor determiningif its performances
sufficient and optimizable to meet the barrier impact demand angractical engineering
requirementf truncatedGRS wall systems The studyinvolves the evaluation of bottne
serviceability and ultimate limit states of the hyb@&Swall design as well abeits potentialas

anew or remedial engaering option ircoping wth marginalhillside or $eep terrairconditions.

3



3 APPROACH OF STUDY

With the number of physicadomponents (e.gsoil, gesynthetics concrete,and steel)in a

composite material system as itrancatedGRSwith micropileswith grade beanbearing on a
natural slopetheuse ofelementary soil mechanics methdoistheanalysis andesignof ahybrid

wall system isbelieved to beunreliable for the proposed assessmento providea realistic
asessmentof the d e s | lgehadie as well as the mechalienteraction of the physical
componentswithin the time frameand resourcesf the project it was decidedthat themost
productiveapproach is to make use @ nonlinearfinite element modeling, and (b)aterial
model s that have Dbeen used and <calibrated e
FHWA/DOT projects on MSESRSwith roadbarriess, in lieu of sitesoil specificcharacterizations

or fieldtesting Toimplement the approacthe studyproceeded ithe following stefs:

1 Select a versatile and commonly accepted computational platform for finite element
modeling

91 Select relevanmaterial nodek and parameteif®r soil, geotextile slope, micropiles and
foundation soil

1 Developandtest finite element models for truncat@®S geotextile barrier, grad beam
andmicropiles

1 Seek relevant expenental evidence of the appropriateness of the calibration of the

micropile-GRSfinite elemenimodel

Establishstatic and dynamic loading conditions

Evaluae theoverall performance diybrid micropileGRSbarrierdesign

Evaluat local performance of key compents of hybrid wall system

Consider both nmnal and oblique impactsn barrier

= =4 4 A

Perform sufficient parametric simulations to provide informegtionsin the micropile
GRS wal l designés | ayout for the truncated

1 Assist the dvelopnent ofengineering desigand worksheetfor field application

As with any structural or foundation desigfme serviceability and ultimaggerformance statex
the hybrid wallbarrier systemare both important In the present problemhé first aspectis
concerned withtheability of the barrier undampact load tdhavelimitedmovement so that it can

A

be relied upon to deflect a vehidlack to the roadwayThe second isoncerned witthewa | | 6 s
4



overall degree of safetynd possibldailure mechanisms nder ultimate loading and material
conditions Thefirst taskis well suited to be evaluated by finite elememtdeling that can provide
detailed stresand deformation informatiothat more elementary methods canndis will be
discussed latetthe finte element code L®YNA that has beeremployedin CDOT research
projects is consideradost readily usefubr such a taskFinding an answer téhe second question
by thesame approdiccan also be achieved butequires some additional consideratibesause
of LS-D Y N A ansalyticalsophistication This refers tothe capability of LS-DYNA in finding
solutions forlarge deformatiofdlisplacemenproblemsbecause of itBnite-strain theoetical basis
in continuummechanicshatgoes beyonavhatordinarysmaltstrainfinite elementodesor basic
rigid-plastic formulatiors in conventional limit equilibrium(LE) methodscan handle In
particular, it has thaumericalcapdility and realism taleterminethreedimensionakquilibrium
stateswith significantdistortionand geometricchangs in a mechanistically consistent manner

that LE and ordinary finite element methods cannot.

In commonly usedimit equilibrium (LE) methodsfor exampleuse is made of the elementary
concept of shear strength aigdiores he general nonlinealastoplasticstressstrain behavior of
soils. Theyemployrigid-body statics by dividing potential failure wedgato vertical slices and
requiread hoc assumptions on items such as istiee forces to achieve static dehinacy ad
solution. In contrast, FEMoes not requirsucha priori assumptions on failure mechanisms (the
type, shape, and location of the failure surface) as it can realize incremental developments of
deformation even localization of strain®n the way to failure. This is advantageous in the
analysis of a multimaterial foundationor wall design such as the M8ERSmicropile
foundationslope system for which reliable analytical and physical insifgbis prior studiesare
absent. The main limitatioin ordinary FEM codes is that they are basedhtinitesimalstrain
theory. As aresult, the convergence and accuracy of the solutidetesiorate athe magnitude

of deformationincreases Because of its laggstrain mechanics formulatiomhe elastoplastic
finite element codeS-DYNA can provideralid solutiorsfor a much larger range of loading when
infinitesimal strain FEMwvould crashSuch advanced features of-D& NA, however bring forth
both flexibilities and complications.  To evaluathe factor or margin of safety, i.e., the
strength/ultimatdimit state of the desigror instancesome judicious choices and definitions of
what constitute failure must be first establislasdthe code can give equilibrium solutions even

when the deformtion is beyondvhat isnormaly considered as failureln the literature, there

5



were different proposals on hoto use finite element solutions to determine the factor of safety

(FS) in geotechnicafoundation engineering problemis this studytheShear Strength Reduction
(SSR)concept[e.g., 2630] wasdeemed usableo define the factor of safetipr the wal and
foundation aspestin combination with an e wl y  d etiwesHold pffediive étratin c oncep't
(Pak[34]) for identifying failure mechanismin largedeformation finite elemergolutiors. The

basic idea behinthe SSR method involves finding the lowest setMdhr-Coulomb material
parameters through a reduction faci@amderwhich failureis imminent, andhe reciprocal of the
reduction faadr can then be interpretedthe factor of safetyln terms of the conventional Mohr

Coulomb friction anglg , the factor of safetis defined by

— 1 _tang nominal) gnominal

h tan(/marginal) ¢ marginal

With the cohesior beingclose to be zerfor sandy and gravelly soils of interest in this study, the

factor of safetyFS can beeffectively given by

S= tan([: nominal )
tan(

marginal) .

4 FINTE ELEMENT MODELING OF MICROPILE A -FRAME -GRS-
BARRIER -FOUNDATION DESIGN

To achieve a sound representation of the hybrid designitsitmultiple material components
interfacial characteristics aradvariety of possible layoutBnite element modeling methodology
was adoptd as the investigative platformIn paricular, the versatilenonlinear dynamic finite
elementanalysiscode LSDYNA (http://www.Istc.com/products/idyna) ischosen for this study.

Its appeal includess ability to handle large deformation atide ¢ townigdisd of built-in user
options for modeling soil and structures, material modules and nonlinear
contact/nterface/boundary conditionghereby allowing realistic simulation of a variety of
complex soistructure problems withointensive fundamental developmen&ased on explicit
time integration for fast computation to handle dynamic phenomena such as impacts and blasts,
LS-DYNA has been employed in a number of DOT BRWA/NCHRP projects including some
for CDOT (e.g. NCHRP Report 663Chang and Oncul [7], Lgd1]). A key step fora realistic
finite element simulation of a physical complex stiucture interaction system is an agpiate
choice of themateral models, their parametemsieshing and geometric layouAdopting LS

6



DYNA for this studyoffers another advantage ithis regardfrom its usage by past CDOT and
ot her DOT ¢hére gxist im fhe litetawiremultiple sets of experimentallgalibrated soil
parameter$or the GRS/MSEproblemvia the elastoplastic Geological Cap soil mo(MAT 25)
as well as other material moduleas LS-DYNA (e.g., see [3], [5] and Table4.1). These
experimentally validated calibratiorsse valuableas auseful guide for selecting the material
parameter$o describethe soil behaviorthat is mostelevant toCDOT. This allowsthe project to
avoid the need to conduanh independent experimental program to calitfeeconstitutive model
for thesoil in theGRSor slope which can vary fronsite to site

Table 4.1: Reference set of chosen material parameters for Geological Cap soil model

6=34"s0ll | 6=3T"sail | ©=407s0il Reﬂiﬁnﬁf”h
Initial bulk modulus, K (MPa) 16.45 2467 3289 1645
Initial shear modulus, G (MPa) 750 11.39 15.18 7.59
Failure emvelope parameter, o (kPa) ] 0 0 0
Failure envelope linear coefficient, 8 0.264 0.289 0.315 0.231
Cap surface axis ratio, R 4 4 4 4
Hardening law exponent, D (kPa) ' 7.25 = 10°% 7.25 = 10°% 7.25 = 10°% 7.25=10°
Hardening law coefficgent, W 2.5 15 1.0 25
Hardening law parameter, Xg (kPa) 200 200 200 ]
(a) Source 3]
- . MeCormick . -
Kimul ation Ranch Sand NCHRFP 556
K (MFa) 22219 459 676 5219
Elasticity
G (MFa) 7.407 2757191 24 087
o {MPa) 4.154 U0 86 0ol
MPa ") 0.0647 0UAT1E 0
Plasticity b
v {MPa) 4.055 0ua117 0
B {radian) 0 002 02925
W 0.08266 064 0023
Hardening D (MFPa ) 0.239 0UDOT25 0BT
Law R 250 25 40
X5 (MPa) 2819 1 204658 01593
Tension Cut T {MPa) 0 2 6R43 0
(b) Sourcg5]
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(a) Soil:

Soil is the major component bbth the hybridGRSmicropile system and the foundatios
noted earlier, te key to a realistic prediction @he soil deformatiorunder loadingis the
constitutive model For its balance between generality apcacticality, the elastoplastic3D
Geologic Cap model (DiMaggio and Sandler 1934], Hallquist 201236]) as MAT 25in LS-
DYNA wasadoptedor the soil medium The details of the module can be found inRY NA 0 s
u s emabgl[32]. As a generalizatio of DruckerPrager modelthe key capability of the
Geological CafGC) model has over the classical Meioulomb model is not only that it does
nothavet he | at t er Ooffien createsinemesical wrbbledit alsoits added ability to
modelplastic volumetric compaction via a movable cap on the conical yield sutfattee model,
purely volumetric response is elastic until the stress point hits the cap sbdgoad whichhe

rate of plastic volumetric strain is controlled by the hardgtamw. The plastic yield surfacef the

model consists of three regions: a shear failure envelgpg &n elliptical capAl s ) , and

tension cutoff regionsfd), whereli i s otishtédrsess tensor and o i s

\/Z a. shear failure
fi(s) =43 -R(l)

c. tension cutoff
f,(s)=T -1, &

b. cap surface
f(s, h=\3p | Rl K @

T LA X&) 11
Figure 4.1: Yield surfacedefinition in Geologic Cap model

The functional forms of the three surfaces are:

a. For shear failure region wheF®©l;<L ( ) :

fi(s) =4, - Fo(1) =0 (1)
b. For elliptical cap region whete ( ®)< X ( 8 ) :
f,(5 K)=43, - F.(1,, K =0 (2)

c. For tension cutoff region where T:

n

h



fy(s)=T-1,=0 3)
wherel; is the first invariant of the stress tensor dni$ the second invariant of the deviator stress

tensor,andT is the tension cutoff valueFe(I1) in Eq. (1) is defined in LDYNA as

Fe(|1):a'§e-bll+q|1- (4)
With o and b set to zero in this study, Eq. (
F()=g*l,+ta . (5)

Eq. (5) is identical to the Druck&rager failure criteriofi37] and the parametetd a nace d
comparable tthe classical MohCoulomid s cohesi on padamet etThkeoo angd
functionF¢(l1, imBQ. (2)is defined by

F(l1, ) =X W) - LT - T, - LR ©)

X(k) =k +RF, (k) (7)
_ ek if k>0

HO=10 4 koo (8)

with R being ashape factothatrepresentshe ratio of major to minor axes of the elliptical cap

X (' depotinghe intersection of the cap surface withlthaxis and beingahardeningparameter

The latteris related to the plastic volume chang?é’ through the hardening law

e,” =W{1- e "Xt %ly 9)
whereW characterizes the plastic volumetric stéais | Di demptés the total votoetric plastic

strain rate, an®o represents thmitially-setintersection of the cap surface with thexis in the

stress space and defines the size of the initial elastaih of the soil.

While the GC model has been usedl calibratednh multiple DOT or NCHRP projectst should

be noted that it also has its limitations in regard to represestihgehaviorfully. As shown in

Fig. 4.2, experimentalsoil testresults are generally closer to the MohkCoulomb irregular

hexagonal shapen the deviatorip-plane in theSD principal stress spag&cott [25]) i.e.,there

is adependence of the shear strengthtaratio of the major, minor as well as the intermediate
principal stresses:, s2 andss, than the pure circular locus that is assunmettie DruckerPrager

andGC mode$. Upon knowing theventuafailure combinationof 4J 2, &0 or i ts Lodebd

diode, ON the other hand, théasar srength parameters c apdf Mohri Coulombcriterion can be



chosen analytically tgive the saméailurestressstate i a t he strength par ame
Geological Cap model. To obtain realistic predictionsf the soi] sucha matchingcriterion is

importantso thatar epr esent ati on of s oiisrouncenservativdyt h vi a
overestimahg its shear strength in thre#mensional problems. For a stress path thaas a

specificL o d e 6 sd..gawhighliserelated tohe intermediate principal stress ratio (2iz) /1{ U

G3), the Mohri Coulombfailure criterion can be expressed in termshastress invariants as

I, . . . . .
_1$|n/ Y ‘J2 (CosqLode + ism G\ 0ge SN/ ) tCccoy = 0 (10)
3 J3
or
V3, = By, SEL A, (11)
3(\@ COSYg| 4e TSN G| 54 SN/ ) \/é €O\ o4e TSING| 5. SN/
where
1 . 3/3 3, D D _25,-5,-5, _2b-1
= - - = - tan = =
QLOde SarCSIn( 2 J 3/2)a 6 ¢ qLode ¢ 6 ’ qLode \/é(sl _ 53) Jé (12)

2
andJz is the third deviatoric stress invariarettingEq. (11) and Eq. (8p be the same for a
specificdiode, the Geological Capstrength parameters can fiedated taMohri Coulomb strength
parametersia
_ V3 cos

V3 COSG, y4e T+ SIN G, o4 SN/

_ J3sin /
q= : .
3(\/:_3 COSqLode +sin qLodeSIn./ )

a

*c (13)

(14)

+ ———— Kjellman
$=37

Test. results of Kjelimen [12]
und Kirkpatrick [11]

Fia. 7-8. View normal to deviatoric plane o3 — o2+ ¢3 = C, showing trace
of Mohr-theory failure surface and test results,

Figure 4.2: Mohr -Coulomb irregular hexagon envelope and classical
experimental soil data on deviatoric plane in principal stress space (Scott [25

10



o, Geological Capnatching
Mohr Coulomb 1 compression meridian
failure criterion /

Geological Cap
matching ab=0.5

Gs

~~-._l..--~7 = Geological Cap matching
extension meridian

G,

Figure 4.3: Choices of approximation of MohrCoulomb irregular hexagon by Geological
Cap or Drucker-Prager circular limit on the deviatoric plane

Mat ching the Geol ogi cal -Coaud ombdes| & smaldritixiale rcgtnhv e
compression,d ode= -30°, b=0),for examplepne finds

_ 6coy . 15
J3(3- sinj) (15)
_ 2siny 16
J3(3- sinj) (16)
To match their strengths in triaxial extens{omde= 3C°, b=1) the relatioshipis

6cosy

= B@+sing) e (7)
_ 2sin/
J3(3+sinj)

As will be illustrated laterdr the GRSwall problemin the next sectiorhowever the stress state

(18)

in the GRSsoil regionwas found tdhave anintermediatestress ratid thataveragedo about0.5
from the prediction of the GC mod@orresponding tdl.qe = 0°) instead oD or 1(see. Fig.
4.3). To be consisterdgnalytically,the GeologicaCap model 6s st meghugt h par e
taken to be
| AAT30 (19)
— OEsifo8 (20)

and the resulting relationship betweea n d giveninghbulatedform in Table4.2.

11



Table 4.2: Relationship between the friction angleP and for
intermediate stress ratiob=0.5
3 29° |[30° |31° |32° |33 |34° |35° |36° |37° [38° |39° |40°
— .161 |.166 |.171 |.176 |.181 |.186 |.191 |.195 |.200 |.205 |.209 |.214
6 7 7 6 5 4 2 9 6 2 8 3

Selected to be the focusthis studyaccording tahefield conditionsof interest sandy or

gravelly sois with minimal cohesiorand a friction angle di 34° and40° werechosen as the
nominal cases to consideAs indicated in Tabld.2, they

in the Geological Cap modekspectivelyfor b=0.5. Forthesetwo casestheir complete set of

correspond

t o

chosen Geological Cap soil parameters are given in Adblnd4 .4, respectively.

Table 4.3: Geological Cap Parameters for backfill soil in GRS region fagr=34 at b=0.5

Paramete| K(MPa) G(MPa) |UkPa)| b ( MR)a| 2 ( MP & dors

Value from 16~48 | from 7~22 2 0 0 0.1864
Tension Soll

Paramete W D(MPa?) R Xo(kPa) Cutoff density
(MPa) (kg/m*)

from
Value 2.5 0.00725 4 0 1596
20~400kPq

12
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Table 4.4: Geological Capparameters for soil withj =40 at b=0.5

Paramete K(MPa) GMPa) (U (K b( MRa| 2 ( MP{ dsiope

Value 32.89 15.18 2.7 0 0 0.2143

Tension Soil

Paramete W D(MPa?) R Xo(kPa) Cutoff density
(MPa) | (kg/m?)
Value 2.5 0.00725 4 0 0 1596

For aslopethatis a soft rock a linearly elastic modelas employedvith the materialmoduli
given in Table4.5.

Table 4.5 Linear elastic model for soft rock

5 ; Density E (GPa)
aramete a
(kg/m?) J
Value 2000 3 03

(b) Geotextile

With geotextileAmoco 2044(being recommendeldy CDOT as the geosynthetics of focus
for the study, the bilinear kinmatid plastic model in LDYNA was adoptedor its modeling(see
Fig. 4.4) with its materialparameteror the geotextile beinlistedin Table4.6.

Table 4.6: Parameters forgeotextile kinematic-plastic material model

Densit Yield stress Initial elastic Postyield tangent| Po i s g
ensi
Y Gy (MPa) modulus E (MPa) modulus E(MPa) | ration
Oor
1000 4.33 433 03
162
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(c) Concrete
Concrete elements of the system such as wall fabiagiers, grade beams and micropiles are

modeled as a linear elastic material mosi¢h moduli given in Tablet.7.

Table 4.7 Parameters for concrete by linearly elastic model

_ Elastic _
Density Poisson
Parameter modulus E _
(kg/m?) ratio
E (GPa)
Value 2320 25 0.15

(d) Steel:
The steel portion of the model such as dowels, rebars and anchors is likewise assumed to be

linearly elasticas given in Tabld.8.

Table 4.8: Parameters for steel dowel and rebar for bilinear kinematiplastic model
Parameters Density dy (MPa) E(GPa) Et(GPa)
Values 7800 235 210 2

(e) Interfacial conditions:

Concrete materiah the hybrid wallincludes micropileyoadbarrier, grade beam aride front

wall panel. The contact conditions are taken to be either tied or frictional between different
materials with parameters given Table 49. Bonded contact is used between micropiles and
grade beam because of the expected cementation of con€etmulate the continuity between

backfill and foundation soil, bonded contact is assumed between the backfill and foundation soil.

Table 4.9: Interfacial friction coefficients between materials

GRSto piles to piles to | barrier to | wall to | geotextile| geotextile | wall toe
fdn grade bean| fdn soil soil to soil to wall to fdn
Bonded Bonded | Bonded 0.45 0.45 0.45 Tied free

14



E.
1

E = Young's modulus
E E, = Tangent modulus
1 G, = Yield stress

Figure 4.4: Stressstrain relationship of bilinear kinematic-plastic material model
in LS-DYNA

42 Geo® metlraiyco urti na ft e Meol deehieshitc r cGoR SE ke obBpeaer r i er

Before detailed modeling of the hybrid wall system, a prelimifiarte elementstudyof 9 basic
truncatedGRS coffigurationswas conductedfor 3 different heights an@ differentbackslope
inclinationsfor insightson aspectsuch aghe deformability of truncate@RS and the failure
stress condition of the soil with tigeotextilereinforcement The results are shown in Fig5to
4.8. From the displays, @ancan see thahé narrower basand thebackslopeinclination of a
truncatedGRSgeometrywithout added engineering measuresttengthe it, can indeedead to
significant deformation and highsoil bearing pressure at the basdé-rom the output of the
principal stresses in these analyskswn in Fig4.9, the intermediate principal stress rdiiovas
found tobe generally between 0.4 and 0.6@RSregion, with an average of arouficb, which
was the basis of thgevelopmenof Egn. 19 and 2@s noteckarlier.

MSE backfill MSE harkall

(a) 45°(on slopes) (b) 63.4°(2H:1W) (c) 90°(level ground)

Figure 4.5: Finite element models for a 6rtall GRS-MSE walls with 3 different back
slopes
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I:“:E_ p _ ? E:
(b) slope=63 4°(2H:1W) (c) slope=90°(level site)
p=w(tied)
f}wﬁx=26.3cm = Ma&f{l 3 dem =~ . I}-’Iﬂf=9€111 .
| :ﬂ ? :x
- 1A ez |

(a) slope=45° (b) slope=63 4°(2H:1W) (c) slope=90°(level site)
=045 (9.~ 24)

Figure 4.6: Resultant displacement magnitudes of a 6ftall GRS walls
with 3 different back slopes

> ey | P wal
Max=1.2cm | !:::-J Max=1.1cm :::::—1

(a) slope=45° (b) slope=63.4°(2H:1W) - (c) slope=90°(level site)
Figure 4.7: Influence of wall height on deformability of GRS walls with 3 different
backslopes
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Figure 4.8: Vertical stress distribution near GRS base under Stage |l loading:
GRS g=0.1864 foundation q=0.2143

o
=

Contours of intermediate principal stress ratim overall egion withb between 0.4~0.6
in soil regions

Figure 4.9: Intermediate principal stress ratio b in GRSregion

On the basis of the preliminary study and the expected engineering scenarios, it was decided to
focus onanominalém-tall hybrid wall configuratiorwith a 45° backslopand discretize th&RS

into twelvesoil layers andjeotextile as indicated in Figt.10. In the development dhe detailed

finite element modelwith refined meshing for resolution the backfill and sloperegiors were
modeled by8-node constant stress solid elements for their efficient performance in nonlinear
elastoplastic analysis. h€ 8node solid elememas formulated using orpoint integration with

viscous hourglass control. Theotextilesheetsvere taken to be 2mm thick and discretized into
4-node Belytschkd'say membrane elements. Belytschilsay membrane element formulatim
LS-DYNA was employed forgeotextile as its flexural stiffness is typically negligible (see
http://www.dynasupport.com/tutorial/tbynausersguide/elemends The connecting pieces (i.e.,

dowels and anchorshat are steel bar were discretizedasbeam elements. The front concrete
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wall panelwasmodeled by 4hode shell elements with a thickness of 10 €he cross section of
concretelerseybarrier was tken to be an isosceles trapezoid with an upper side of 0.#attom
side d 0.6 m and a height of 1 m. Two adjacent barriers were connected by coniséating
dowels, with 3 cm gegbetween themFor a 30m roaden barrierof 2.97 m in lengttwerelined

up and linked.

| 7.5m

Rolloer

Roller

(&) Nominal dimensions @éRSwall-foundationbarrierslope domains and boundary conditions

(geotextilethickness =2mm, wall facing thickness=20mm)

>

(b) Single 3mbarrier segment of wall system (c) 30multiple barriersegment of wall system

Figure 4.10: Nominal configuration of truncated GRS wall with back-slope
with or without micropiles

Because of the high number of material components and interfaces in theGigBrule-barrier
slope system, theffort in developing the8D finite element modelas significant, requiring

18



careful design, proportioning, substructuring as well as assembly testing. In the tlase of
micropiles, different pile sizesvere simulated usm an equivalensectional approach for a
common 27cm square cressctional geometryp bypasshelaborioustask of remeshingor each

variation of pile diameterandto ease the difficulty iperformance comparison (see Fgl1for

the correspondenteet ween t he actual concrete pile size
used in the finite element mogleBy the commoly-used material homogenization approabl,
meshthickness of thgeotextilewas alsokeptat2mmandGRSsoil layeb s 0.%&tto allow the

modeling and computational tinbe bepractical.
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Equivalent pile modulus E_, (GPa)
Figure 4.11: Concrete micropile size in terms of equivalent pile modulus in model

With the foregoingchoices of material parametsrandfinite elemens, different geometric and
materialconfigurationdor the wallwere develogd and evaluatei establistarationalbass for
comparison validationand engineering insights.Casea that were considereidclude truncated
walls on slopes withand withoutmicropiles the modeling of théarriers andgrade beamsiith
dowel bar anchorage or connection§ingle span models and themultiple spanmodelsof
micropilesGRSbarrierswere both used, the former for compigaal efficiency, and the latter
for realistic impactmodelingwheredynamicload transferdo multiple adjacent spans can be

expected to occur.

A generallayout of a hybrid Aframe MicropileGRSbarrierfoundation finite element model
included the following
1. Atruncatedreinforced soiregion with layers of soil angeotextilesand a front concrete

facing,
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2. Pairs of vertical and inclined micropiles in the foofra A-frame structure at regular
spacing going through t@RSregion to the slope,
3. The concrete micropiles are penetrated into the foundation and backslope to a chosen depth,
4. A concrete road barrier is anchored to a grade beam that, in turn, is connected to the pile
caps of the micropiles,
5. Pile cap and grade beam are placed on thegpléot connect the vertical and inclined
micropiles and form a longitudinal framing mode along the length of highway so as to

increase the integrality of the system.

Details of thefinite elementmodeling of some criticatomponents fothe hybrid A-frame

micropile- reinforced soHbarrieron slopeare shown irFig. 4.12to 4.15

P

Figure 4.12: A single 3mbarrier segment and 30mbarrier segment of hybrid wall system

Figure 4.13: Finite element model for micropile GRS-barrier -grade beamanchor-
foundation slope system
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Figure 4.14: Impact area on finite element barrier model
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Figure 4.15: Connection details of finite element model of hybrid micropile Aframe-GRS-
grade beambarrier on slope
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